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Abstract 18 
Transfer of people and transportation of goods is an indispensable part of our daily lives. 19 
Choosing the most environmentally friendly alternative will have the least impact on human 20 
health, ecosystem, and the materials. This study aims to carry out a comparative assessment of 21 
various emission scenarios from highway and railway transportation between Kırşehir and 22 
Niğde-Ulukışla in the middle Anatolian Peninsula, in Turkey, to allow making an optimum 23 
decision from an environmental viewpoint. Currently, the transportation is sustained through 24 
highway, which has 232.6 km length between the cities used as a case study. High-speed 25 
railway construction is projected on the same route. We formed different capacity alternatives 26 
as alternative scenarios and life cycle assessment approach was applied to these scenarios. 27 
Environmental damage ratio decreased with the increasing utilization ratio of the railway. The 28 
greatest change was seen in ecosystem quality. We also assessed emissions during the 29 
construction activities of both railway and highway. A social cost-benefit analysis suggested 30 
that damage cost in the current situation was €562,000. The scenario with100% replacement 31 
of highway with railway transportation showed the lowest damage cost (€157,000) while the 32 
highest damage cost was due to NOx emissions. 33 
Keywords: Life cycle assessment, Sustainability, Social cost-benefit analysis, Transportation, 34 
Emissions 35 
Research highlights  36 
 Very first LCA comparison for railway and highway construction is carried out 37 
 Railway utilization have the highest improvement  on ecosystem quality 38 
 Railway construction leads to resource preservation 39 
 Increasing railway utilization decreases greenhouse gas emissions 40 
 The lowest social cost is €157,000 per year for 100% railway utilization scenario  41 
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1. Introduction 42 
The whole transportation sector, including road, rail, aviation, and navigation means, 43 
is responsible for approximately 28% of the total energy demand worldwide according to 44 
2016 statistics (IEA, 2019). Oil, natural gas, and electricity meet the energy demand for 45 
transportation and their ratio are 95, 4, and 1%, respectively. Road transportation consumes 46 
76% of the oil in the transportation sector, whereas rail transportation only consumes 1%. 47 
Urban transportation is responsible for 23% of greenhouse gas emissionsin the EU (European 48 
Commission, 2016). Road transportation emitted 72.8% of greenhouse gasses, while rail only 49 
contributed to 0.6% (European Commission, 2019). Among the greenhouse gasses, CO2 50 
emission is the major contributor from the transport sector. Its global share is 95% (Atabani et 51 
al., 2011; Singh et al., 2019). With an increase in the number of automobiles, emissions from 52 
the spare parts of these vehicles, together with the exhaust emissions, negatively impact the 53 
environment (Lombardi et al., 2017). In order to reduce the impact on the climate change and 54 
the dependence on petroleum fuels, researchers and policymakers are exploring low-cost 55 
transportation alternatives that are less harmful and capable of using limited resources at 56 
higher efficiency (Chang et al., 2011). 57 
Rail transportation is one of those travel modes that releases the lowest CO2 emissions and 58 
consumes less energy (Lombardi et al., 2017). Turkey's railway transportation system has 59 
made significant progress in recent years. For example, currently, Turkey has a total of 12,000 60 
km railway line. The total length of High-Speed Rail (HSR) is 888 km and the remaining is 61 
Conventional Railway (CR) (Banar et al., 2015). In addition, according to the National 62 
Climate Change Action Plan, which aims to reduce greenhouse gas emissions, an increase in 63 
railway passenger transport rates is expected in all modes of transport through Turkish State 64 
Railways (TSR) by 2023 (TRS,2013). Dalkic et al (2017) showed the potential of reducing 65 
CO2 emissions through a shift from road transportation to HSR transportation. The shift to 66 
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railway transportation will meet the requirements of low carbon city concept (Azizalrahman 67 
and Hasyimi, 2018). Moreover, motor vehicles produce air pollutants in an urban area which 68 
the adversely impact the air quality of the cities (Mahesh et al., 2018; Kumar et al., 2018) and 69 
affect human health (Gabbe, 2018; Heal et al., 2012). In particular,  nitrogen oxides (NOx) 70 
and particulate matter ≤10µm (PM10) and ≤2.5µm (PM2.5) is a serious problem in cities 71 
(Kumar et al., 2015, 2016; Kuzu, article in press). Road transport accounted for 39% and 13% 72 
of NOx and PM10 emissions in the EU in 2015, respectively (EEA, 2017). The alteration of 73 
transportation means stands inevitable for sustainable management of air pollutant emissions. 74 
This requires a comprehensive evaluation of different transportation methods. 75 
Life cycle assessment (LCA) is identified as a method to determine the total environmental 76 
and social impacts of a product or service during its life cycle (SAIC, 2006).  LCA approach 77 
is a combination of the following six philosophy: (i) rethink (the product and its function is 78 
analyzed in detail); (ii) reduce (minimizing the consumption of raw material and energy); (iii) 79 
replace(preferring less harmful raw materials and energy-efficient production methods instead 80 
of traditional ones); (iv) recycle (preferring recyclable materials); (v) reuse (designing the 81 
product as reusable); and (vi) repair (designing the product appropriate for periodical repairs) 82 
(UNEP, 2006). An LCA process can be sub-divided into four phases, which are closely 83 
related to each other: (i) goal and scope (analyses must be determined and identified in detail); 84 
(ii) Life Cycle Inventory (a comprehensive and complete inventory of the product or system 85 
must be formed); (iii) impact assessment (calculations should be realized to estimate the 86 
environmental, social and economic impacts of different stages); and (iv) interpretation 87 
(provides contact among other three stages) (Sharma et al., 2011). 88 
Energy consumption of road vehicles is one of the most important driving forces of 89 
greenhouse gas emissions (Moretti et al., 2018; Huang et al., 2018). Huang et al. (2018) 90 
Published in May 2019 in Journal “Sustainable Cities & Society’ 
5 
 
compared the terrestrial transport modalities in China in terms of monetary, energy, and 91 
environmental costs. They found out that the cost percentage of the private car, regular trains, 92 
long-distance bus, and trucks were 40.87%, 5.48%, 10.41%, and 37.28%, respectively. The 93 
ratios of these transport modes in total cumulative energy demand were 35.38%, 15.41%, 94 
10.89%, and 30.53%, respectively. Merchan et al. (2019) investigated the inland freight 95 
transport in terms of LCA and external costs. The authors indicated that the share of road and 96 
railway transport of total greenhouse gas emissions were 17% and 0.09%, respectively. 97 
According to other results of the study, the reference value of road transport is accepted as 98 
100% for damage to the human health damage to the ecosystem diversity, damage to the 99 
resource availability and climate change, while this value was approximately 55% for rail 100 
transportation. Stephan and Crawford (2016) studied the total water requirement of petrol 101 
cars, diesel trains, and electric trains. They concluded that the need for water during the 102 
operation stage were 3.8, 3.4 and 1.6 L/passenger-km, respectively. Skrucany et al. (2017) 103 
compared rail and road transport in terms of greenhouse gas emissions. They reported that the 104 
energy intensity of gasoline and diesel cars were 70% and 50% higher than the railway 105 
vehicle, respectively, and in case of full occupancy of the vehicles. The authors also indicated 106 
that the difference between road and rail vehicles is increasing with the decrease in occupancy 107 
of the vehicles.  108 
In Turkey, HSR constructions are being expedited in recent years. Currently, road 109 
transportation is in service and HSR is in construction plans as an alternative to current road 110 
transportation in coming years. The first objective of this study is to evaluate the 111 
transportation emissions between the two cities (Kırşehir and Niğde-Ulukışla) in Turkey via 112 
road and railway trasnportation modes from an LCA perspective. To best of our knowledge, 113 
this is from one of the first studies to discuss LCA of construction activities contrasting 114 
between railway and road transportation (highway). The overall goal is to guide decision 115 
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makers for implementing emission reduction strategies through a holistic viewpoint including 116 
construction and operation phases.  117 
2. Materials and methods 118 
2.1. Definition of the Study Area 119 
The highway and railway connect Kırşehir and Niğde-Ulukışla passing through 120 
Aksaray province. These neighbour cities are located at the centre of Turkey, as shown in 121 
Figure 1. Ulukışla is a district of Niğde province, where is located approximately 56 km to the 122 
South of Niğde city centre. The terminal railway and highway location for Niğde is hereafter 123 
referred to as Ulukışla within the text. The total length of the highway is approximately 232.6 124 
km, whose first part (94.6 km) is for Kırşehir-Aksaray and the other part (138 km) is for 125 
Aksaray-Ulukışla. The total length of the railway will be 209 km. The route on the map is 126 
given along with the corresponding populations for each city. The sum of the population of 127 
the cities is slightly over one million according to 2018 census.  128 
 129 
Figure 1.The route of railway and highway, shown by a red line on the map 130 
2.2. Definition of the Scenarios and LCA 131 
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We used SimaPro 8.2.3.0 in order to compare the environmental impacts 132 
(characterization, damage assessment, and inventory) of railway and highway. Automobiles, 133 
buses, pick-up trucks, and trucks are considered as the main components of the road traffic in 134 
Kırşehir-Ulukışla highway.  135 
Transport scenarios have begun to turn to more environmentally sensitive features with 136 
increasing concern about the environmental constraints of the planet. In order to realize the 137 
accurate results, we divided the highway into two parts: Kırşehir-Aksaray and Aksaray-138 
Ulukışla. The highway density calculations were made based upon the data obtained from 139 
traffic volume maps of General Directorate of Highways. Table 1 presents the total number of 140 
automobiles, buses, pick-up, and trucks, which operate in Kırşehir-Ulukışla highway. The 141 
vehicles were also classified with their emission standards (Euro 4, Euro 5, and Euro 6). 142 
Table 1. Annual vehicle count for 2017 on Kırşehir-Ulukışla highway 143 
Location Vehicle Type Euro 4 Euro 5 Euro 6 
 
 
Kırşehir-Aksaray 
Automobile 4,561 1,401 500 
Bus 177 55 19 
Pick-up 435 134 48 
Truck 1,040 319 114 
 
 
Aksaray-Kırşehir 
Automobile 4,753 1,460 521 
Bus 207 64 23 
Pick-up 455 140 50 
Truck 1,027 316 113 
 
 
Aksaray-Ulukışla 
Automobile 2,713 833 297 
Bus 237 73 26 
Pick-up 165 51 18 
Truck 1,628 500 178 
 
 
Ulukışla-Aksaray 
Automobile 2,814 864 308 
Bus 193 59 21 
Pick-up 153 47 17 
Truck 1,511 464 166 
According to the Environmental Impact Assessment Report of Kırşehir-Aksaray-Ulukışla 144 
Railway Project, on average, an automobile and a bus carry 2.5 and 28.3 people, respectively. 145 
Besides, a pick-up and a truck carry approximately 3.5 and 10 tones freight, respectively 146 
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(EIA, 2013). Walpole et al. (2012) expressed that the average body weight of a person is 147 
approximately 62 kg. SimaPro calculations are based on tonkm unit, the total weight of the 148 
vehicles was multiplied with the length of the road, as shown in Table 2. 149 
Table 2. The tonkm data for the road vehicles 150 
  Euro 4 Euro 5 Euro 6 
Kırşehir-Aksaray 
Automobile 66,879 20,540 7,327 
Bus 29,456 9,047 3,227 
Pick-up 144,032 44,236 15,780 
Truck 983,742 302,132 107,781 
Aksaray-Kırşehir 
Automobile 69,691 21,404 7,636 
Bus 34,385 10,561 3,767 
Pick-up 150,785 46,310 16,520 
Truck 971,808 298,467 106,474 
Aksaray-Ulukışla 
Automobile 58,024 17,821 6,357 
Bus 57,343 17,612 6,283 
Pick-up 79,793 24,506 8,742 
Truck 2,247,105 690,144 246,198 
Ulukışla-Aksaray 
Automobile 60,191 18,486 6,595 
Bus 46,630 14,321 5,109 
Pick-up 73,937 22,708 8,101 
Truck 2,085,265 640,439 228,466 
 151 
The total tonkm data is also accepted for the railway in order to achieve meaningful 152 
calculations. After classifying the traffic data, five scenarios were determined: 153 
 Scenario-1: 100% Highway (hereafter referred to as 100% H) 154 
 Scenario-2: 75% Highway-25% Railway (75% H -25% R) 155 
 Scenario-3: 50% Highway-50% Railway (50% H - 50% R) 156 
 Scenario-4: 25% Highway-75% Railway (25% H - 75% R) 157 
 Scenario-5: 100% Railway (100% R) 158 
Since the Euro 6 emission data in the inventory of SimaPro 8.2.3.0 is unavailable, the vehicles 159 
with Euro 6 emission standard were assumed to be Euro5. The length of the highway and 160 
railway were assumed to be the same. In order to obtain the results, SimaPro was run and 161 
Ecoinvent-3 library and IMPACT 2002+ (Impact Assessment of Chemical Toxics) method 162 
were used.  163 
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IMPACT 2002+ was initially developed by Swiss Federal Institute of Technology (Fig. 2). 164 
IMPACT 2002+ is used in order to provide a link between 14 mid-point categories to 4 165 
damage categories (i.e. endpoint categories), as seen in Fig. 2. Midpoint categories are used to 166 
identify traditional impact assessment methods, which have constraints on quantitative 167 
modeling. Besides midpoint categories are also used to restrict uncertainties, which occur due 168 
to the cause-effect chain. Endpoint categories are also identified as damage categories and 169 
they are used by damage oriented methods. The results sometimes have a high degree of 170 
uncertainty. Midpoint categories present some information about the causes of damage 171 
categories and they are located between Life Cycle Inventory (LCI) results and endpoints. On 172 
the other hand, damage categories express a quality change on certain issues. IMPACT 2002+ 173 
answers three questions: (i) How to adopt conventional risk assessment methods to calculate 174 
cumulative chronic toxicological risks and potential impacts? (ii) How to account in a generic 175 
but accurate way for nonlinear functions? and (iii) How to structure fate, exposure, and effect 176 
of chemicals in a consistent way? (Jolliet et al., 2003). 177 
Published in May 2019 in Journal “Sustainable Cities & Society’ 
10 
 
 178 
Figure 2. The overall scheme of IMPACT 2002+ (Jolliet et al., 2003) 179 
Different midpoint categories affect different damage categories. For example, human health 180 
is directly affected by human toxicity, respiratory effects, ionizing radiation, ozone layer 181 
depletion, and photochemical oxidation. Water turbine, water withdrawal, and water 182 
consumption have indirect or partial effects on human health. Ecosystem quality contains 183 
aquatic ecotoxicity, terrestrial ecotoxicity, aquatic acidification, aquatic eutrophication, 184 
terrestrial acidification, land occupation, and water turbine. Besides, water consumption has a 185 
partial effect on ecosystem quality. Global warming is the only category that has an effect on 186 
climate change. Resources have been affected by non-renewable energy and mineral 187 
extraction. The uncertainties for fate, exposure, and effect are low for resources, moderate for 188 
human health, and high for both ecosystem quality and climate change (Humbert et al., 2012). 189 
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The components of damage categories are identified with different units: DALY (disability-190 
adjusted life years) for human health; PDF (potentially disappeared fraction)  m2 yr for 191 
ecosystem quality; CO2equivalent for climate change; MJ (megajoule) for resources. 192 
DALY is widely used to quantify the burden of diseases on public health. It is identified as 193 
years of healthy life lost. According to DALY measurement methods, every person is born 194 
with certain life years lived in optimal health. However, people may lose these healthy life 195 
years due to various factors. Briefly, DALY is a measure for the total losses in accepted 196 
healthy life years (Devleesschauweret al., 2014). For instance, if the DALY score of a product 197 
or a process is 3, it implies the loss of 3 years of life over the human population. PDF  m2 198 
yr represents to potentially disappeared fraction of species in an m2 area of the earth during 199 
one year. For example, if the PDF  m2 yr score is 0.2, it implies the loss of 20% of the 200 
species on 1 m2 of the earth during 1 year. Kilogram equivalent of a reference substance 201 
expresses the amount of a reference substance that equals the impact of the considered 202 
pollutant. CO2 is the reference substance in this study. For instance, a product or a process 203 
having a climate change score of 27.75 kg CO2(eq) implies 27.75 times higher than CO2. MJ 204 
measures the amount of energy extracted or needed to extract the resource (Humbert et al., 205 
2012). 206 
3. Results 207 
3.1  LCA Assessment of operational phase 208 
We have compared the environmental impacts of the projected railway and the 209 
existing highway, which are planned to be used in different ratios. Figure 3 presents the 210 
damage assessment data obtained from LCA modeling for different scenarios.  211 
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 212 
Figure 3. Damage assessment according to scenarios 213 
Due to the highest impacts to the environment occurred in the highway, Scenario-1, in which 214 
all the passengers are considered to use the highway for transportation, was accepted as 215 
100%. It can be clearly seen in Figure 3 that the damage ratio decreased with the increasing 216 
utilization ratio of the railway. The greatest change was seen in ecosystem quality, in which 217 
the reference value of 100% in Scenario-1 decreased to 14.6% in Scenario-5. Although the 218 
least change occurred in human health, there was still a major decrease from 100% in 219 
Scenario-1 to 39.31% in Scenario-5. Thus, Figure 3 clearly demonstrates that utilization of the 220 
railway had significant benefits for human health and the environment. 221 
3.2  LCA assessment of Construction Phase 222 
We also examined the environmental impacts caused by the materials used in the construction 223 
of highway and railway, as shown in Figure 4. While the length of the road is 232.6 km, 224 
according to the project documents of General Directorate of Highways, the average width of 225 
the road is 26 m. Besides, the average thickness of the asphalt is 0.2 m (Maser et al., 2003). 226 
The average density of the asphalt is accepted as 2.235 kg/m3 (Hassani et al., 2005). Thus, 227 
according to these values it has been estimated that approximately 2,703,277.2 t of asphalt 228 
was consumed for 232.6 km highway construction. 229 
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According to the Environmental Case Study datasheet of World Steel Association, a total of  230 
102,000 t steel is consumed for 600 km railway, which means the steel utilization for one km 231 
railway is 170 t (WSA, 2015). Besides, concrete sleepers are placed with 60 cm intervals 232 
under the railway and one sleeper is approximately 290 kg (Shahraki et al., 2014). Thus, it has 233 
been estimated that approximately 1,124,223.3 t of concrete was used for the sleepers and 234 
approximately 39,542 t of steel was used for the rails between Kırşehir-Ulukışla. 235 
 236 
Figure 4. Damage assessment of highway and railway construction materials 237 
A sharp damage reduction was observed construction phase in railway compared to the 238 
highway. Damage to resources had the highest damage reduction. The sum of the railway 239 
infrastructure made up less than 2% of asphalt damage to resources. The second highest 240 
damage decrease was observed for human health and the change was slightly more than 10%. 241 
The least reduction was observed for climate change. The reduction of railway infrastructure 242 
was approximately one-fourth of the highway infrastructure. 243 
4. Discussion 244 
4.1  Summary of the overall assessment 245 
Table 3 presents the amounts of major and most harmful emissions to air, soil, and water. It 246 
clearly shows that the presence of the railroad provided a significant reduction in emissions to 247 
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air. The increase in the use of the railway line resulted in a reduction in emissions, except for 248 
Cr+6 and CH4; however, the use of mixed transport lead to an increase in heavy metal 249 
emissions to soil and water. Nevertheless, all emissions, except Hg emissions, to water were 250 
decreasing due to the increase of the share of the railway in total transportation and it is 251 
minimized in case of 100 % rail use.  252 
Table 3. Emission inventory for air, soil and water under different scenarios. 253 
Air 100 % 
H 
75 % H-25 
%R 
50 % H-50 % 
R 
25 % H-75 % 
R 
100 % 
R 
Unit 
N2O 106.34 86.58 63.55 40.52 17.49 kg 
CO2 2,092.93 1,977.03 1,306.58 653.29 444.66 t 
Cr+6 17.68 41 27.33 13.67 31.58 g 
CH4 2.79 3.12 2.08 1.05 1.07 t 
NOx 9.60 8.73 5.82 2.93 1.59 t 
NMVOC 2.11 2.02 1.36 0.68 0.26 t 
PM2.5 439.24 642.83 428.56 214.28 347.18 kg 
SO2 2.36 3.44 2.31 1.15 1.85 t 
Soil  Unit 
As 0.30 3.90 2.60 1.30 0.87 g 
Cd 0.97 2.76 1.84 0.92 0.17 g 
Cr 6.89 34.60 23.07 11.53 2.64 g 
Pb 38.27 90.46 60.31 30.15 1.57 g 
Hg 14.36 41.42 27.61 13.81 0.45 mg 
Water  Unit 
As 0.22 2.55 1.70 0.85 0.49 kg 
Cd 0.10 1.04 0.69 0.35 0.16 kg 
Cr 45.76 195.42 130.28 65.14 20.76 g 
Pb 0.36 2.83 1.88 0.94 0.32 kg 
Hg 4.72 64.68 43.12 21.56 16.48 g 
 254 
Table 3 indicates an encouraging use of railway through a significant reduction in overall 255 
emissions. A remarkable decrease is observed in all air emissions, except for Cr+6, with the 256 
increasing utilization of railway. The most significant decrease (87.67%) occurred in 257 
NMVOC emissions when transportation mode is shifted from 100% H to 100% R. While Pb 258 
and Hg emissions to soil reduced drastically by 95.89% and 96.96%, respectively. Likewise, 259 
emissions to soil and water increase in case of switching all transportation from highway to 260 
railway. The emissions, except for As and Hg, to water tend to decrease in case of the 261 
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utilization of railway completely. Conversely, the emissions to soil and water increase when 262 
the two modes are used together (Table 3). CO2 emissions were 2,092.93 and 444.66 tons for 263 
100% H and 100% R, respetively. CO2 emissions from Aksaray landfill in 2017 was 8674 264 
tons (Çetinkaya et al., 2018). The CO2 emission reduction due to a shift from complete 265 
highway utilization to complete railway utilization is eqivalent to 19% of CO2 emissions 266 
relesed from Aksaray landfill.  267 
Our results resemble with those reported by Merchan et al. (2019). In Belgium, road transport 268 
was considered as a reference value of 100 % and the railway transportation lead to a 55% 269 
performance in damage to the human health damage to the ecosystem diversity, damage to the 270 
resource availability and climate change. These rates were calculated as 39.31%, 14.6%, 271 
19.15% and 21.86% in Kırşehir-Ulukışla railway project, respectively. Although the results 272 
obtained from both studies are numerically different, it is clear that the railway is more 273 
environmentally friendly than the highway. 274 
4.2. Comparison of Construction Phase 275 
Table 4 presents the amounts of major and most harmful emissions occurred during the 276 
construction to air, soil, and water. The construction phase is independent of the scenarios. 277 
Therefore, the same construction phase emissions occur in each scenario. A number of studies 278 
have conducted highway and railway construction from the LCA perspective. However, there 279 
are no directly comparable studies for comparison of highway and railway construction. Most 280 
studies have evaluated and compared the highway and railway, separately. This is a first study 281 
in the best knowledge of the authors in which the construction of highways and railways is 282 
investigated in the LCA perspective. 283 
Table 4. Emission inventory for air, soil, and water 284 
Air Asphalt 
(Highway) 
Steel 
(Railway) 
Concrete 
(Railway) 
Unit 
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N2O 7.37 1.29 4.01 t 
CO2 1.08 0.08 0.24 Mton 
Cr+6 5.41 0.54 5.97 kg 
CH4 0.46 0.28 0.29 kton 
NOx 8.49 0.20 0.88 kton 
NMVOC 5.78 0.14 0.13 kton 
PM2.5 0 70.72 69.34 ton 
SO2 0 5.80 43.64 kg 
Soil    Unit 
As 0 66.97 287.14 g 
Cd 0 24.60 128.81 g 
Cr 0 0.38 2.00 kg 
Pb 0 0.47 2.90 kg 
Hg 0 0.29 1.72 g 
Water    Unit 
As 3.00 0.17 0.37 t 
Cd 443.12 38.79 176.10 kg 
Cr 24.96 0.002 0.012 t 
Pb 6.31 0.27 0.30 t 
Hg 10.40 6.44 7.32 kg 
 285 
Considerably higher greenhouse gas emissions occur during highway construction than 286 
railway construction. Based on ICPP AR5 (2013) global warming potentials, highway 287 
construction released 1.1 MtonCO2(eq), whereas it is 0.34 Mton CO2(eq) for railway 288 
construction, considering both steel and concrete. NOx and NMVOC emissions are also 289 
higher than those of railway construction. However, Cr+6 emissions at railway construction 290 
are slightly higher than highway construction. No PM2.5 and SO2 emission occur during 291 
highway construction. All emissions to soil occur from railway construction. Higher As, Cd, 292 
Cr, and Pb emissions are released to water body from highway construction. Only Hg 293 
emission is higher in railway construction. 294 
Liu et al. (2017) studied CO2 emissions for the construction phases of highway projects in 295 
China and concluded that the utilization of asphalt in the highway cause 1.92 times more 296 
CO2emissions compared with paved roads. The authors also reported that materials cause 297 
55% of the total emissions, while off-road machinery has a contribution of 45%. Wang et al. 298 
(2015) compared the emissions produced during raw material production, material 299 
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transportation and onsite construction of highways and concluded that 80% of the 300 
CO2emissions were generated during raw material production. The road, bridge, and tunnel 301 
constructions were also compared and it was concluded that road construction yielded the 302 
least CO2 production. Moretti et al. (2018) compared the trench and embankment phases of 303 
the road construction and identified six transportation scenarios, which consisted of different 304 
distances and motorization classifications (Euro 4 and Euro 6). It was concluded that engine 305 
classification had the greatest impact on global warming and human toxicity potential. 306 
Besides, the majority on the environmental and human health impacts were caused by raw 307 
materials and fuel supply and manufacturing phases. Shinde et al. (2018) applied a life cycle 308 
analysis on Mumbai Suburban Railway in India and concluded that the construction, coach 309 
manufacturing, operation, and maintenance phases were responsible for 218, 147, 5,532 and 310 
270 mg CO2(eq) emissions. Besides, while steel rails were responsible for 53.67% of total CO2 311 
construction of 1 km track, sleepers were responsible for 33.40%. Banar and Ozdemir (2015) 312 
indicated that the construction of lines and operation of train vehicles had the greatest share in 313 
global warming and human toxicity category. Although there are no studies comparing the 314 
LCA of highway and railway construction phase, it can be concluded from the results that the 315 
railway construction is far more environmentally friendly. 316 
3.3  Emission Valuation 317 
When quantitative emissions are known, environmental prices can be used to calculate 318 
the environmental damage of the activity or the investment in concern. The quantitative 319 
emissions (in kg pollutant) are multiplied by the relevant environmental prices(in cost/kg 320 
pollutant) for the valuation process. Therefore, the environmental price for each pollutant can 321 
be determined. Environmental prices are indices, which determine the social marginal value 322 
of preventing emissions. In this study, the environmental prices of the emissions were 323 
gathered from (de Bruyn et al., 2018). Additionally, these costs are useful in explaining the 324 
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degree of pollution to unprofessional people. Various studies have been implemented in cities 325 
that investigate the perception of air pollution in cities (Schmitz et al, 2018). We believe that 326 
emission costs stand as a self-explanatory indicator among various parameters. Figure 5 327 
presents the sum of the prices based on various air pollutants under different scenarios. 328 
 329 
Figure 5. Social cost-benefit analysis of transportation scenarios  330 
The second scenario with 75% H and 25% R had the highest environmental cost with 331 
€562,000. The lowest cost belonged to 100% R scenario with €157,000. The difference 332 
between the highest and lowest environmental cost scenario is €405,000. This value is 333 
considerably lower than the cost of emissions from Atatürk International Airport, Istanbul 334 
(Kuzu, 2018), which was €9,420,000.  335 
Under all scenarios, NOx emissions had the highest monetary contribution share. In the 336 
current situation (100% H), NOx emission share was 60% as opposed to 35% for 100% R 337 
scenario. The second highest contribution was from CO2 emissions for 100% H activities with 338 
a 21% share. The scenarios with the combination of highway and railway activities at 339 
different portions were very close (20%) to that of 100% H. For 100% R, the share of CO2 340 
cost was 16%, however, it was the third highest contributor as opposed to the rest of the 341 
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scenarios. The second and the third highest emission costs were due to SO2 (29%) and PM2.5 342 
(18%), respectively. SO2 and PM2.5 had the highest third and forth share for all scenarios 343 
expect 100 %  R. 100% H scenario had lower shares for SO2 (11%) and PM2.5 (6%) than the 344 
combination of different scenarios for SO2 (15%) and PM2.5 (9%). Nevertheless, the total 345 
costs were higher for 100% H scenario (€34,900 for PM2.5 and €58,800 for SO2) than the 346 
others (€34,100 for PM2.5 and €57,500 for SO2).NMVOC and CH4 had 1% share for each 347 
pollutant and for each scenario. 348 
The results herein suggest that it is possible to decide for a more environmentally friendly 349 
transportation alternative. Thus, low-cost environmental pollution abatement can be applied. 350 
These results will guide city planners and local authorities to take action within the context of 351 
sustainable cities.  352 
5.  Summary and Conclusions 353 
Road transportation has a major fraction in energy demand; as its result in fuel 354 
consumption, as well as environmental emissions. Generating investment or operation 355 
alternatives create different routes for reaching the target with varying environmental impacts. 356 
For such cases, LCA is a useful tool in order to quantitatively analyze the life cycle 357 
of activities within an environmental impact perspective. Moreover, social cost-benefit 358 
analysis is self-explanatory to the people who are unprofessional to the environmental field. 359 
This value, alone, can show how much should be paid to revive the effect of a contaminant. 360 
This analysis is endpoint level impacts such as effects on human health, ecosystem, and 361 
materials. 362 
We applied LCA and social cost-benefit analysis to an operating highway and a projected 363 
HRS through forming different scenarios. The environmental impact was evaluated for both 364 
construction and operation phase. The emissions were quantified and then they were 365 
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expressed in terms of environmental costs. According to LCA results, the damage ratio 366 
decreased with the increasing utilization ratio of the railway. A sharp improvement was 367 
observed in ecosystem quality. The reference value of 100% decreased to 14.6% for complete 368 
highway utilization and complete railway utilization, respectively. Construction phase LCA 369 
results show that the highest improvement is expected in terms of resource usage. A 370 
significant amount of greenhouse gas reduction occurs in railway construction in comparison 371 
with highway construction. The scenario with 75% H and 25% R had the highest 372 
environmental cost with €562,000, whereas the lowest environmental damage costs €157,000, 373 
which is 100% R. NOx emissions makes up the highest share for each of the scenarios. 374 
There are 195 countries in the world. Only 27 of these countries boost HSR system. Although 375 
the HSR system is present in Turkey, it is in an emerging phase. LCA shows benefits of HRS 376 
over the highway from the environmental viewpoint for both construction and operation 377 
phase, separately. Although emissions from 100% of railway utilization have the least 378 
pollution in amount and environmental effect, and this is already evident from the literature, it 379 
is not alone enough to answer the following questions. Does environmental cost reduction of 380 
100% railway option compensate construction costs? If this is the case, in how many years 381 
environmental benefit will amortize construction and operating costs? Which option is 382 
feasible for both environmental and economic viewpoint? As certain methods are used in the 383 
construction of railway and highway, the results of this study will be directly applicable not 384 
only for Turkey but also any country can benefit from the research results. Especially, the 385 
countries having a comparable population and high-speed railway length can readily benefit 386 
from emission values. 387 
Air pollution control of mobile sources differs from stationary sources. Although pollution 388 
prevention at stationary can be applied through engineering interventions, the emission 389 
Published in May 2019 in Journal “Sustainable Cities & Society’ 
21 
 
reduction of mobile sources is applied through mitigation strategies by policymakers. This 390 
study shows strategies of air pollution control towards sustainable cities, bringing benefits to 391 
the environment and socio-economic aspects through the use of different transportation 392 
methods. The results will also guide to authorities so that they can make the optimum decision 393 
for the utilization of sustainable transportation means. Moreover, reducing certain amounts of 394 
pollutant mass does not mean anything practical for society. Therefore, it is possible to raise 395 
environmental awareness by converting emissions to monetary benefits. 396 
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